(LAMP) rapidly amplifies DNA under isothermal conditions. The aim of this study was to detect Candida albicans and compare the positivity rate in the LAMP reaction with that of conventional methods for oral exfoliative cytology (EC) samples. Sixty-eight EC samples from 53 patients were subjected to LAMP analysis. These patients had been clinically diagnosed with leukoplakia, squamous cell carcinoma, oral lichen planus (OLP), stomatitis, oral candidiasis, and other malignancies. LAMP reactions were defined as positive when the sample turbidity exceeded 0.1 (arbitrary unit). Periodic acid-Schiff (PAS) staining and microbial culture were also performed to detect Candida species in EC samples. The LAMP reaction detected C. albicans in 42.6% of EC samples. Candida species were detected in 32.4% of the same samples by culturing and in 29.4% of samples by PAS staining. C. albicans DNA was detected most frequently in samples from OLP patients. We conclude that, in comparison to conventional methods for detection of C. albicans, the LAMP method is highly sensitive and timesaving, and does not require expensive equipment or diagnostic technology. It may therefore be useful for on-site screening of C. albicans at dental clinics.
Introduction
Fungal infections are the major cause of morbidity and mortality in debilitated or immunocompromised patients (1) . Candida albicans (C. albicans) is the Candida species most frequently isolated from the oral cavity of both healthy and immunocompromised hosts. Recently, non-albicans species, including C. glabrata, C. tropicalis, C. krusei, C. parapsilosis, and C. guilliermondii, have shown increased rates of isolation in patients with candidiasis (2) . Apart from oral candidiasis, however, Candida species are associated with various diseases and can be the suspected causative agent. Such diseases include esophageal candidiasis, candida pneumonia, and invasive candidiasis (3, 4) . C. albicans is a commensal fungus but also an important pathogen responsible for the majority of superficial and systemic fungal infections (5, 6) . The most common severe fungal infection is invasive candidiasis, which can lead to candidemia, the fourth most common bloodstream infection in intensive care units. Its mortality rate has been reported to range from 25% to 53% (5, 7, 8) . The presence of Candida species is confirmed by blood culturing in up to 50% of cases of invasive candidiasis (3) . Oral candidiasis is one of the most common opportunistic infections caused by Candida species in patients with impaired immunity or diabetes (9, 10) . C. albicans infection of the oral cavity presents as oral mucosal candidiasis, and is often associated with a low level of host immune response, e.g., in children, elderly individuals, and immunocompromised individuals. Opportunistic C. albicans infections of the oral cavity are a known risk factor for aspiration pneumonia (11) . Several detection methods for C. albicans are available, including microbial culture, microscopic examination (PAS staining, Grocott's methenamine silver staining) and biochemical techniques (indirect hemagglutination, counterimmunoelectrophoresis), polymerase chain reaction (PCR), and real-time PCR (12) (13) (14) (15) (16) (17) . However, these methods require technical expertise and complex devices, and diagnosis using them is time-consuming and costly. A delay in diagnosis may lead to poor outcome in patients with systemic fungus disease. Typically, it takes several days to obtain the results of a fungal culture test for Candida species and therefore, in many cases, physicians initiate therapy before the test results are available. It is therefore imperative that a rapid and accurate test for Candida species be developed.
Loop-mediated isothermal amplification (LAMP) is a method for amplifying nucleic acid samples, facilitating the synthesis of large amounts of DNA with high specificity in a short period of time (18) . As the LAMP reaction progresses, pyrophosphate ions, the reaction by-product, bind to magnesium ions and form a white precipitate (magnesium pyrophosphate), which forms the basis of detection (19) . LAMP is performed using a simple apparatus capable of measuring the turbidity of multiple samples simultaneously, in real-time, while maintaining a constant temperature (19) . Real-time turbidity measurements of the LAMP reaction permit quantitative analyses of minute amounts of nucleic acid (19) .
Exfoliative cytology (EC) is widely used to examine oral premalignancy and cancer. It is a quick, simple, relatively inexpensive, and non-invasive method (20) . A cytobrush is employed for sample collection, as it permits easy sampling and ensures the quality of the sample (21) . In addition, EC allows harvesting of cells over a wider area than selective tissue biopsy (22) .
In this study, LAMP was used to detect C. albicans in EC samples. We aimed to detect Candida species and compare the positivity rate of the LAMP reaction in EC samples with that of conventional methods.
Materials and Methods

Samples
Sixty-eight cytobrush samples obtained from 53 patients with various oral mucosal diseases who underwent EC examination were used in this study ( Table 1 ). The mean age of the population was 58.7 (range 14-88) years. All of the subjects provided written informed consent and were treated at the Department of Oral and Maxillofacial Surgery, Nihon University School of Dentistry Dental Hospital (Tokyo, Japan), between 2013 and 2015. C. albicans strain ATCC 24433 was used as a positive control to evaluate the specificity of the LAMP method. The strain was purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). The study was conducted with the approval of the Ethics Committee of Nihon University School of Dentistry (EP2013-14) and in accordance with the Declaration of Helsinki.
Cytomorphometric analyses
EC was performed on each lesion. Cells obtained by Cytobrush Plus (CooperSurgical Inc., Trumbull, CT, USA) were smeared on Super Frost MAS Coated (Matsunami Glass Ind., Ltd., Osaka, Japan). The cells were immediately fixed in 95% ethanol. Cytomorphometric analysis of the lesions was performed using Papanicolaou staining. These slides were routinely evaluated by skilled oral pathologists: M.A. and D.O. To evaluate the presence of Candida species, the slides were stained with periodic acid-Schiff (PAS) solution. Papanicolaou staining and PAS staining were performed in accordance with the conventional method (15, 23) . Cytomorphological features were classified according to the Papanicolaou classification (1960) as follows: Class I (normal): only normal cells observed; Class II (atypical): presence of minor atypia but no evidence of malignancy; Class III 
DNA extraction
For extraction of reference C. albicans DNA, the C. albicans ATCC 24433 strain was grown on Vitalmedia Color Candida Agar (Kyokuto Pharmaceutical Industrial Co., Tokyo, Japan) for 48 h at 37°C. The DNA of C. albicans was extracted from the pellet using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA, USA) in accordance with the manufacturer's instructions. The DNA concentration was measured by spectrophotometry using a NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, DE, USA). DNA (1 ng/μL) was serially diluted (from 1 ng to 1 fg/μL) in sterilized double-distilled water, and used for DNA amplification. For the clinical samples, after the cytology slides had been prepared, the cytobrush was rinsed with 1.0 mL of phosphate-buffered saline (pH 6.0) and then centrifuged at 2,000×g for 10 min. The supernatant was discarded and the DNA was extracted from the pellet using a DNeasy Blood & Tissue Kit in accordance with the manufacturer's instructions. DNA solutions were kept at −20°C until LAMP examination.
Culture and identification of C. albicans Vitalmedia Color Candida Agar was used for microbiological identification of C. albicans. The principle of identification is based on differences in the oxidationreduction ability for the substrate among Candida species. Different Candida species grow as differently colored colonies on this medium, as follows: C. albicans, green; C. glabrata, pale pink; C. tropicalis, dark blue, with a pink halo; C. krusei, pink and downy appearance; C. parapsilosis, pale pink to pink; C. guilliermondii, pale pink to pink. Cytobrush rinse solutions (30 μL) were plated on the Vitalmedia Color Candida Agar and incubated for 48 h at 37°C.
LAMP reactions
For LAMP analyses, the Loopamp Specified Microorganism "Fungi Candida albicans" Detection Kit (Eiken Chemical Co., Tokyo, Japan) was used in accordance with the manufacturer's instructions. Briefly, the primer mix (15 μL) and the template solutions (15 μL) were added to amplification reagent tubes. The tubes were then inverted for 3 min. The tubes were subsequently inverted five times and placed in a benchtop centrifuge to settle the reaction mixture. DNA amplification and real-time monitoring of the sample turbidity were conducted using the Loopamp real-time turbidimeter (LA-200; TERAMECS Co. Ltd., Kyoto, Japan), for 60 min at 65°C. The turbidity threshold was defined as a Candida-positive sample >0.1 (arbitrary unit) within 60 min (19) . A previous study reported that an increase in the quantity of initial template DNA will shorten the threshold time (19) . The amplicons were then separated by electrophoresis in a 2% agarose gel, followed by ethidium bromide staining.
Results
Cytomorphometric analysis of samples
Cytomorphometric analysis was performed using a fivestage classification system. Following cytomorphometric assessment, 54 EC specimens were designated as Class II, 10 as Class III, 3 as Class V, and 1 as Class I ( Table 2) .
Sensitivity of the LAMP reaction for C. albicans
The sensitivity of the LAMP reaction was examined using C. albicans DNA (1 fg, 10 fg, 100 fg, 1 pg, 10 pg, 100 pg, and 1 ng of DNA) isolated from strain ATCC 24433. The samples containing 1 pg to 1 ng exceeded a turbidity of 0.1 (arbitrary unit) within 60 min (Fig. 1A) . When the LAMP reaction is performed successfully, the amplicons are detected as a characteristic ladder pattern upon agarose electrophoresis (24) . Therefore, 5 μL of each LAMP product was separated on a 2% agarose gel, followed by ethidium bromide staining. The ladder pattern was observed for electrophoresed products of LAMP reactions performed with samples containing 1 pg to 1 ng of DNA, which was identical to the result for turbidity (Fig. 1B) .
Detection of C. albicans in EC samples
We evaluated the feasibility of using LAMP to detect the presence of C. albicans in EC samples. LAMP analyses were performed in parallel with conventional Candida species identification methods, i.e., PAS staining of cytology slides and culturing.
The LAMP analysis detected C. albicans DNA in 42.6% of EC samples. Culturing of the material from EC samples revealed that 32.4% of them contained C. albicans. The culture method also revealed the presence of non-albicans species, including C. glabrata (in four samples) and C. tropicalis (in one sample). PAS staining identified Candida species in 29.4% of the examined specimens (Fig. 2) .
The results of LAMP, culture, and PAS staining in three C. albicans-positive (cases #1-3) and three negative (cases #4-6) representative cases are shown in Fig.  3 . C. albicans DNA was amplified in cases #1-3 but not in cases #4-6 (Fig. 3A) . The results were confirmed by agarose gel electrophoresis (Fig. 3B) . Moreover, culturing on Vitalmedia Color Candida Agar allowed identification of C. albicans colonies in cases #1-3 (Fig.  3C) . The same samples were evaluated by PAS staining, and pseudohyphae were identified in the specimens from cases #1-3 (Fig. 3D) .
The results of the LAMP reaction from each clinical diagnosis are listed in Table 3 . The following percentages of samples were positive for C. albicans DNA: 42.9% of samples from patients with leukoplakia; 26.3% of squamous cell carcinoma (SCC) samples; 85.7% of OLP samples; 50.0% of fibroma samples; 50.0% of simple stomatitis samples; 66.7% of oral candidiasis samples; 33.3% of papilloma samples; and 20.0% of other samples. The C. albicans LAMP detection frequency was much higher than the frequency of detection based on culture and PAS staining ( Table 3) .
The relationship between C. albicans LAMP positivity and cytomorphometric evaluation is shown in Table 4 . The LAMP reaction detected C. albicans in 44.4% of Class II samples and 50.0% of Class III samples, but not in Class I and Class V samples.
Discussion
Candida infection of oral mucosa causes a white lesion, which is important for differentiating oral malignancy and precursor lesions. Incision biopsy is a highly reliable examination method for obtaining a definite diagnosis of oral mucosal lesions, but it is invasive. In comparison, EC is a quick and simple procedure, and relatively noninvasive, allowing cells to be collected over a wider area than selective tissue biopsy (22) . Thus, we consider that the use of EC samples for detecting both Candida species infection and screening of oral malignancies is a superior method for diagnosis.
Many techniques are available to detect Candida species in clinical samples, including fungal culture, PAS staining, Grocott's methenamine silver staining, immunostaining, PCR, and LAMP (12) (13) (14) (15) (16) (17) .
We consider that LAMP is more useful for detection of specific pathogens in an intensive care unit than other methods because of its shorter running time. Furthermore, the detection limit of the LAMP reaction is as low as 1 pg of DNA, equivalent to 57 copies of the C. albicans chromosome. In this study, the threshold time was prolonged along with template DNA dilution (28.8 min for a sample containing 1 ng; 39.3 min for 100 pg; 42.1 min for 10 pg; 47.3 min for 1 pg). The results were compatible with those of a previous study that had revealed the relationship between the template DNA concentration and threshold time (19) .
In this study, LAMP evaluation of EC samples detected C. albicans in 42.6% of cases, which was higher than the detection rate for culturing (32.4%) and PAS staining (29.4%).
Vitalmedia Color Candida Agar is able to detect various Candida species, and not only C. albicans. In the present study, four samples contained C. glabrata, and one sample contained C. tropicalis. Identification of non-albicans species is an advantage of fungal culture; however, at least 2 days were required before the result could be obtained. Candida identification by the LAMP method is advantageous because of its rapid and specific amplification of C. albicans. Although the LAMP method used in this study is not able to detect non-albicans species, it is still clinically significant because of 1) rapid identification and 2) the predominance of C. albicans.
PAS staining of EC samples is a useful method of identifying Candida species directly, under the microscope. However, it requires a complicated staining procedure and diagnostic capability, in contrast to LAMP. In this study, PAS staining detected Candida species in 29.4% of EC samples, which was lower than the rate for LAMP (42.6%) and culture (32.4%). These results indicate the difficulty of detecting Candida species by microscopic examination, even by a skilled pathologist.
Non-albicans fungi have been detected more frequently in recent years (5, 25) . In this study, the LAMP reaction and culture method detected C. albicans as the predominant species in EC samples. In vitro studies have shown that the adhesion of non-albicans species to buccal epithelial and vascular endothelial cells is weaker than that of C. albicans (26) . C. glabrata, which is the second most frequently isolated fungus causing single infections or combined infections with C. albicans, causes persistent infections in patients treated with fluconazole and often acquires resistance to antifungal drugs (27) . Because the sensitivity to antifungal drugs varies, identification of Candida species is important for treatment of candidiasis, allowing physicians to prescribe the appropriate antifungal drug.
Representative cases of C. albicans-positive and negative samples are shown in Fig. 3 . The turbidity of three C. albicans DNA-positive samples exceeded 0.1 arbitrary units at 28.9 min, 31.3 min, and 36.2 min. However, the C. albicans DNA-negative samples showed no amplification (Fig. 3A) . These data suggest that the LAMP method is reliable for clinical application to oral mucosal lesions. The highest C. albicans positivity was observed for OLP samples (85.7%), which may suggest an appropriate treatment plan for these lesions using steroids. Similar results were reported in previous studies (28) . The higher detection ratio of C. albicans in OLP might be associated with the use of steroids for treating these lesions (28, 29) . Unexpectedly, we found a relatively low fungal detection ratio in oral candidiasis samples. The detection ratio was also low in leukoplakia and SCC samples.
Although the Candida positivity rate was higher in Class II (44.4%) and III (50.0%) than in Class I (0.0%), and Class V (0.0%), the sample size was small in the Class I and V groups. Thus, more extensive investigations are required to verify the precise relationship between the Papanicolaou classification and the Candida positivity ratio.
The combination of EC and LAMP is considered to be a highly useful diagnostic system in areas where access to healthcare facilities is limited, because this system is non-invasive, requires less time for diagnosis, and does not require costly apparatus. These results suggest that rapid and accurate detection of C. albicans by the LAMP method could enable immediate initiation of treatment for oral candidiasis.
